Movement and growth habit of climbing plants have attracted attention since the time of Charles Darwin; however, there are no reports on whether plants can choose suitable hosts or avoid unsuitable ones based on chemoreception. Here, I show that the tendrils of Cayratia japonica (Vitaceae) appear to avoid conspecific leaves using contact chemoreception for oxalates, which are highly concentrated in C. japonica leaves. The coiling experiments show that C. japonica has a flexible plastic response to avoid coiling around conspecific leaves. The coiling response is negatively correlated with the oxalate content in the contacted leaves. Experiments using laboratory chemicals indicate that the tendrils avoid oxalate-coated plastic sticks. These results indicate that the tendrils of C. japonica avoid coiling around a conspecific leaf based on contact chemoreception for oxalate compounds. The tendrils of climbing plants may function as a chemoreceptor system to detect the chemical cues of a contacted plant.
Introduction
To acquire information about surrounding plants, plants have evolved a range of sensory systems, including mechanoreception, photoreception and chemoreception of volatiles [1] [2] [3] [4] [5] [6] [7] . Tendrils of climbing plants are modified leaves, leaflets, shoots, and stipules and appear to have evolved independently in many families [8, 9] . They can start coiling quickly after a minute mechanical stimulus of 1 mg or less [10 -12] . Therefore, tendrils have been studied extensively as a model system for the mechanoreception of plants since the time of Charles Darwin [11, 13] . However, to the best of my knowledge, there have been no studies on whether tendrils have the ability to sense the chemical cues of contacted objects.
Unlike most plant species, climbing plants can grow rapidly both vertically and horizontally [9] . Therefore, similar to animal species, climbing plants have opportunities to choose favourable hosts-in this case, the plants on which they can climb successfully. Because the colonization of a favourable habitat is a key event in the life history of climbing plants [14] , a preference for suitable hosts and the avoidance of unsuitable hosts might be essential for their survival and reproduction. However, there has been no evidence that climbing plants can select suitable host plants and avoid unsuitable host plants by sensing the chemical cues of contacted objects (except for parasitic plants [15] ), despite a long history of research on climbing plants [8, 9, 11, 13, 14] .
For species that climb using tendrils, conspecific leaves (including the plant's own leaves) would typically be the most frequently contacted objects. However, coiling around conspecific leaves is likely to represent a non-adaptive behaviour, because a conspecific plant can act as a stronger competitor for space and light than other plant species [16] [17] [18] . Moreover, conspecifics might be unstable supports for coiling because a climbing plant itself is not stable as a host plant. Therefore, natural selection will favour a plastic response to avoid coiling around conspecific leaves in tendril climbers. In this study, I examined this idea in the tendrils of the perennial vine Cayratia japonica (Vitaceae). Because C. japonica often dominates its growing habitats [19] [20] [21] , avoiding the surrounding leaves of conspecific plants might be essential for finding a suitable host plant to climb.
Here, I provide evidence that tendrils of climbing plants exhibit contact chemoreception for cues of conspecific leaves and achieve a flexible plastic response to avoid coiling around them. First, I determined that C. japonica tendrils avoid coiling around conspecific leaves. Then, I tried to identify the cues of the conspecific leaf that inhibited the coiling response of C. japonica tendrils. I noticed that the tendrils of C. japonica did not coil around the leaves of Oxalis debilis. Oxalis, as well as Cayratia species, contain high concentrations of oxalate compounds in their leaves [22, 23] . Thus, I hypothesized that oxalate compounds are the cues of conspecific leaves that inhibited the coiling response of C. japonica tendrils. To test the hypothesis, I examined the correlation between leaf oxalate contents and coiling response to the leaf and observed the coiling response to oxalate-coated plastic sticks. Finally, I observed the coiling response of Momordica charantia (Cucurbitaceae) tendrils to the oxalate-coated plastic sticks to confirm that the oxalates are species-specific cues of C. japonica.
Material and methods
In April and May 2015, I collected 36 C. japonica rhizomes from four triploid populations on the Japanese islands: 16 rhizomes from Hirosaki University, Aomori Prefecture; seven rhizomes from the Tokyo University of Agriculture and Technology, Tokyo; four rhizomes from Kyoto University, Kyoto Prefecture; and nine rhizomes from Kyushu University, Fukuoka Prefecture. The rhizomes were cut into segments, 30 -40 cm long, and transplanted individually into pots containing a commercial vermiculite product ('Golden' vermiculite; Iris Ohyama Co. Ltd., Sendai, Japan). These individuals were grown under natural conditions in an experimental field and used in the nochoice experiment. In addition, 30 rhizomes were collected from the Tokyo population in August 2015 and transplanted using the same method. These individuals were grown indoors at 258C with a 16 L : 8 D photoperiod and were used in the other experiments. The plants were watered sufficiently. Plants of at least 20 cm in height and with at least one tendril were used. Each tendril was used only once.
(a) Coiling responses of C. japonica to conspecific and heterospecific leaves I conducted three types of coiling experiments: no-choice, choice and uncoiling experiments (electronic supplementary material, figure S1 ). The no-choice experiment was designed to examine the tendril's ability to identify a conspecific leaf when it contacted a single specific object. The choice experiment was designed to examine the sensitivity and resolution of the discrimination to conspecific and heterospecific leaves when the tendril contacted both leaf types at the same time. The uncoiling experiment was designed to examine the ability to change or cancel a coiling response that had already begun.
(i) No-choice experiment
The no-choice experiment began on 15 July and concluded on 27 August 2015. At 8.00 h, I chose six to 10 plants with fully expanded tendrils and transferred them into the experimental room at the Tokyo University of Agriculture and Technology. The room temperature was controlled at 26 + 38C. The tendrils were then placed in contact with a leaf-wrapped bamboo stick, a conspecific stem, or a naked bamboo stick (electronic supplementary material, figure S1a). I used leaf-wrapped bamboo sticks instead of leaves alone, to control the shape of the contacted object. (ii) Choice experiment
The choice experiment started on 1 December and was completed on 10 December 2015. The tendril was sandwiched between a stick wrapped with a conspecific leaf and a stick wrapped with a heterospecific leaf (electronic supplementary material, figure S1b). In this experiment, I used Se. viridis as a typical heterospecific species. The left and right positions for the conspecific and heterospecific leaves were chosen alternately. After sandwiching the tendril, I recorded the direction and degree of coiling at 58 increments at 15, 30, 45 and 60 min after contact. Coiling that exceeded 1808 was recorded as 1808. We used total 20 tendrils from 20 plants of Tokyo population.
(iii) Uncoiling experiment
The uncoiling experiment started on 8 October and completed on 15 October 2015. First, I placed a bamboo stick in contact with a tendril (electronic supplementary material, figure S1c). When the tendril had coiled around the stick by 908 + 108, the tendril was assigned to one of three treatments: detaching, heterospecific or conspecific. In the detaching treatment, the slightly coiled tendrils were detached from the bamboo stick but not reattached to any other object. In the heterospecific treatment, the tendrils were detached from the bamboo stick and placed in contact with a stick wrapped with a heterospecific leaf. In the conspecific treatment, the tendrils were detached from the bamboo stick and placed in contact with a stick wrapped with a conspecific leaf.
In the heterospecific and conspecific treatments, the leaf contacted the inner edge of the tendril's curve. In this experiment, I used Se. viridis as the heterospecific leaf. I recorded the coiling and uncoiling responses under five categories: completely uncoiled (less than 58), uncoiled (108 to 808), no change (858 to 958), slightly coiled (1008 to 1758) and completely coiled (!1808) at 1, 2, 3, 4 and rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162650 5 h after the treatments. We used a total of 31 tendrils from 15 plants of the Tokyo population (12, 12 and 7 tendrils for conspecific, heterospecific and detaching treatments, respectively).
(b) Oxalate contents and coiling response
To elucidate the relationship between leaf oxalate contents and the coiling response of tendrils to the leaves, the amounts of soluble and total oxalates were quantified in the leaves of 10 plant species: Spinacia oleracea, O. debilis, Rumex japonicus, C. japonica, Colocasia esculenta, Se. viridis, So. canadensis, Co. sumatrensis, P. lobata and B. nivea. The first five species are known as high-oxalate plants. In addition, the oxalate contents of C. japonica stem were measured. The leaves of each species were collected from wild populations or commercially grown plants, and their fresh weight was measured. After the leaves were dried at 808C for 24 h, their dry weights were measured. The dried samples were then ground into a powder using a Tissue Lyser II (Qiagen, Hilden, Germany) for 3 min at 25 Hz. Then, 8.0 -13.0 mg of the samples was placed into a 15 ml centrifuge tube; 5 ml of distilled deionized water was added to one set of weighed samples, and 5 ml of 2 M hydrochloric acid was added to the other set. Extraction in water provides an estimate of the soluble oxalate content, whereas extraction in hydrochloric acid provides an estimate of the total oxalate content. The insoluble oxalate content is the difference between the total and soluble contents. The tubes were placed in a water bath at 808C for 15 min. The extract was then allowed to cool and centrifuged at 3000 r.p.m. (approximate centrifugal force of 3000g). The supernatant was filtered through a Whatman #2 filter paper into a 15 ml centrifuge tube for storage. The oxalate contents of all samples were estimated through an enzymatic reaction using a commercially available oxalate kit (EOXA-100 Oxalate Assay kit, Bioassay Systems, Hayward, CA, USA). Before oxalate determination, 100 ml of each extract in hydrochloric acid was transferred into a 1.5 ml tube and mixed with 100 ml of 2 M sodium hydroxide solution to neutralize it. Oxalate quantification was performed using a standard protocol (https://www.bioassaysys.com/Datasheet/EOXA.pdf, electronic supplementary material).
To quantify the coiling response of C. japonica to the leaves of the 10 plant species, I conducted a no-choice experiment using the same method described above. Coiling was recorded in increments of 58 at 1, 2, 3, 4 and 5 h after contact. Finally, I calculated the mean coiling angle, soluble oxalate content and insoluble oxalate content for the leaves of each species. The sample sizes of experiments measuring coiling and oxalate contents were 10 and five, respectively, for each of 10 plant species.
(c) Coiling response to chemicals
To identify substances that inhibited the coiling response of C. japonica tendrils, their coiling responses to several chemicals were compared: agarose, citric acid, calcium oxalate, potassium oxalate and sodium oxalate (Wako Pure Chemicals Co. Ltd., Osaka, Japan). Agarose and citric acid were chosen for the control treatments because agarose is pH-neutral and chemically stable, and citric acid, like oxalate, is an organic acid. Each chemical was powdered finely in a mortar and attached to the top 20 mm of a plastic stick coated with an adhesive (Daiso Sangyo Inc., Hiroshima, Japan). All tendrils were placed in contact either with one of the chemicals or with a plastic stick without any chemical or adhesive (as a control). I recorded the degree of coiling in increments of 58 at 15, 30, 45 and 60 min after contact. Tendrils with a degree of coiling of 1808 or greater were recorded as 1808. The sample sizes were 11, 11, 10, 10, 16 and 17 for control, agarose, citric acid, calcium oxalate, potassium oxalate and sodium oxalate, respectively.
(d) Coiling response of a Cucurbitaceae tendril to oxalate
To examine the effect of oxalates on the coiling response of a tendril from another climbing species, a no-choice experiment was conducted (as described above) using commercially grown M. charantia (Cucurbitaceae). The degree of coiling was recorded in increments of 58 at 60 min after contact with agarose or calcium oxalate attached to a plastic stick. The sample size was 10 for both treatments.
(e) Statistical analysis
The results of the no-choice experiment of C. japonica tendrils were analysed using an ordinal logistic regression. The models were fitted using the clm function in the 'ordinal' package for the R software. The degree of coiling at 5 h after contact was adopted as the response variable. The following four comparisons were performed: between the conspecific fresh leaf and a fresh leaf from one of the heterospecific species, between the conspecific fresh leaf and the treated (dried and mesh-covered) leaves, between the conspecific fresh leaf and the conspecific stem, and between the conspecific fresh leaf and the bamboo stick. For comparisons between conspecific and heterospecific leaves, the type of contacted leaf was used as the explanatory variable. For comparisons between fresh and treated (dried and covered) conspecific leaves, the condition of the contacted leaf was used as the explanatory variable. This analysis was performed separately for each treatment. For comparisons between the conspecific leaf and the stem, the type of contacted plant part (stem or leaf) and the relationship between the source population of the tendril and the contacted stem or leaf (inter-or intra-population) were used as explanatory variables. For comparisons between the conspecific leaf and bamboo stick, the type of contacted object (conspecific leaf or stick) was used as the explanatory variable. The likelihood-ratio test was used to evaluate the significance of the explanatory variables in these analyses. For the choice experiment, a repeated binomial test was used to determine whether the tendril preferred to coil around conspecific or heterospecific leaves. We used treatment (observed binomial data versus randomly generated binomial data), elapsed time, and treatment Â time interaction as response variables. If no significant interaction was found, the interaction term was omitted from the model.
For the uncoiling experiment, a x 2 test was used to examine the effect of each treatment type (control, conspecific leaf, heterospecific leaf ) on the coiling response at 5 h after contact.
To analyse the coiling response of C. japonica to the chemicals, the same method as described above for the no-choice experiment (ordinal logistic regression) was used, with the degree of coiling (i.e. the category) at 60 min after contact used as the response variable. The actual coiling angle was not used as the response variable because the data had unequal variances. However, the statistical results were the same when the actual coiling angle was used as the response variable (data not shown). The type of chemical was used as the explanatory variable. To identify the chemical that induced an avoidance response by the tendril, the coiling response to each chemical was compared separately with that of the control treatment. For the analysis of the coiling response of M. charantia to calcium oxalate, the same analysis was used.
To examine the effect of soluble and insoluble oxalate contents in the leaves of the 10 species on the coiling response of C. japonica, generalized linear models were fitted to the mean coiling angle for each species of contacted leaf as the response variable, and the mean soluble and insoluble oxalate contents, and their interaction, as the explanatory variables. For this analysis, a Gaussian distribution with the identity link function was applied. The tendrils were significantly less likely to coil around a conspecific fresh leaf than around a bamboo stick, heterospecific leaf, dried conspecific leaf and a covered conspecific leaf at 5 h after the start of the experiment (figure 1a, with temporal changes shown in the electronic supplementary material, figure S2 , and table, S1). In fact, the tendrils that coiled around conspecific leaves were rarely observed in the field ( personal communication; figure 2b bottom, a tendril that contacted with, but did not coil around the conspecific leaves; figure 2b top, tendrils that coiled around leaves of other species). There was a marginal difference between coiling responses to the conspecific leaf and stem (electronic supplementary material, table S1).
(
ii) Choice experiment
The tendrils were significantly more likely to avoid coiling around a conspecific leaf, and they strongly preferred coiling around heterospecific leaves (x 
(iii) Uncoiling experiment
The tendril response differed significantly among the three treatments (x 2 8 ¼ 32.001, p , 0.001). All tendrils in the heterospecific treatment continued to coil around the heterospecific leaves (by at least 1008; figure 2a), whereas all tendrils in the conspecific and detached treatments stopped coiling and started uncoiling within 2 h (figure 2b,c). As a result, tendrils were significantly more likely to coil around a heterospecific leaf than a conspecific leaf within 5 h after the start of the experiment (x There are large variations in the soluble and insoluble oxalate contents in leaves of each plant species and stem of C. japonica (electronic supplementary material, table S2). The contents of both soluble and insoluble oxalates in the leaves of each plant were negatively correlated with the coiling response to the leaves ( figure 3a) . There was a significant interaction between soluble and insoluble oxalate content on the coiling response, suggesting that soluble and insoluble oxalates have a synergistic effect on the inhibition of the coiling response (electronic supplementary material, table S3).
(c) Coiling response to chemicals
The tendrils were significantly less likely to coil around a stick coated with calcium oxalate, potassium oxalate or sodium oxalate than around the control (figure 3b; electronic supplementary material, table S4); by contrast, the agarose and citric acid coatings did not produce a significantly different response than the response to the control.
(d) Coiling response of a Cucurbitaceae tendril to oxalate
There was no differences in the coiling response of M. charantia tendrils between a stick coated with calcium oxalate and one coated with agarose (electronic supplementary material, figure S3 , deviance ¼ 0.32, p ¼ 0.67).
Discussion
The results of this study provide evidence of a new plant sensing ability: tendrils of C. japonica appear to exhibit contact chemoreception for oxalate compounds and achieve a flexible plastic response to avoid coiling around a conspecific leaf. Tendrils of climbing plants are highly touch sensitive and start the coiling response immediately after the contact stimuli [11, 12] . The results indicated that tendrils which encountered the cues of a conspecific leaf could terminate their coiling response and change it even after coiling had begun (figure 2). The tendrils might be able to sense both rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162650 the stimuli of physical contact and the chemical cues of the conspecific leaves at the same time, and they can properly integrate these two kinds of information in order to avoid coiling around conspecifics. Coiling avoidance based on the content of oxalate compounds would be an effective way to avoid coiling around a conspecific leaf, because the leaves of C. japonica have a relatively high oxalate content. On the other hand, this chemical-sensing ability may have a negative side-effect; the tendrils would also avoid coiling around the leaves of highoxalate heterospecific plants. Plants in the Chenopodiaceae, Polygonaceae and Dioscoreaceae families generally contain high concentrations of oxalate compounds in their leaves, tubers, roots and stems [24, 25] . Such avoidance would represent a cost for C. japonica because these heterospecific plants are potentially suitable host plants. However, despite the potential cost of 'misrecognition', conspecific avoidance would still be advantageous for finding a suitable host because this perennial vine often grows at a high population density in its natural habitat [19, 21] .
Oxalate compounds are one of the major groups of organic acids in plants and function as a physical defence against herbivores [26] , but they also ameliorate the toxic effect of aluminium [27] and act as reducing agents [25] . The results of the present study suggest that they also function as a chemical cue that identifies conspecific leaves. It appears that the tendrils are not responding to the acidity of the oxalates, because the tendrils coiled normally around a stick coated with citric acid. In addition, the inhibition of coiling by oxalate compounds is unlikely to have been caused by toxic or harmful effects on the tendril because oxalate compounds had no effect on the coiling response of the tendrils of M. charantia (Cucurbitaceae) (electronic supplementary material, figure S3 ). Rather, it appears that the rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20162650 tendrils of C. japonica have a physiological mechanism that allows them to detect and respond to oxalate compounds on the leaves, although I found no previous reports on oxalate receptors in plants.
Parasitic vine Cuscuta pentagona uses volatile blends to locate several host plants [15] . The twining response of Convolvulus arvensis is induced by the volatile cues from injured conspecific leaves [28, 29] . These studies implies the importance of the volatile cues on the avoiding response of the tendrils of C. japonica to conspecifics. However, given the fact that oxalates are non-volatile compounds and that the tendril coiled normally around a conspecific leaf covered by a mesh (figure 1a), I can conclude that the oxalates were sensed by contact chemoreception, not by the chemoreception of volatile compounds.
In a previous study, we reported that the tendrils of the perennial vine C. japonica exhibit a self-discrimination ability [18] ; tendrils of C. japonica were more likely to coil around stems of neighbouring non-self-plants than around those of physiologically connected self-plants. Although the physiological mechanism responsible for this self-discrimination was not identified, it must be different or independent from the oxalate-based avoidance revealed in this study because the self-discrimination was based on physiological integration; the tendrils were more likely to coil around stems from a physiologically severed self-plant than around those of physiologically connected plants.
In animals, conspecific avoiding behaviour plays a critical role in foraging, mating, species interactions, and spatial distribution [30 -34] . The avoiding of conspecific leaves and preference of heterospecifics in vine tendrils can also play an important role in several ecological interactions. For example, conspecific avoidance in vines will reduce intra-specific competition and increase interspecific competition for light resources. It may also affect the growth pattern of vines because vines that have the ability to avoid conspecific leaves might have an exclusive distribution to the conspecific plants. As a result, conspecific avoidance of vines may accelerate the spatial expansion of vine vegetation and cause a negative impact on surrounding heterospecific vegetation.
These findings raise new questions regarding the physiological and molecular background of the chemical-sensing ability of plants: how do the tendrils detect conspecific cues by contacting the leaf? How do the tendrils stop coiling and reverse the coiling response after they detect conspecific cues? Why did the dried conspecific leaf lose cues of a conspecific leaf (figure 1a)? Answering these questions will expand our knowledge of plants' chemical-sensing ability and management of tendril-bearing weeds and vegetables. In addition, examining the chemical-sensing ability of vine tendrils will provide important insights into several ecological interactions. For example, conspecific avoidance may influence the growth direction of climbing plants and the resulting spatial pattern within the community structure. Thus, further studies are required to evaluate the generality, physiological mechanisms and ecological implications of this phenomenon.
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